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NASA TT F-11,056 

SOME PROBLEMS OF mASURING CURRENT VELOCITY 
BY THE DOPPLER METHOD 

V .I .Babiy 

ABSTRACT. Flow ve loc i ty  measurements, with an improved 
Doppler meter combined with a hydrodynamic ve loc i ty  t rans-  
former, for  determining t h e  proper motion of a suspension 
r e l a t i v e  t o  a l iqu id ,  a r e  described, with block and c i r c u i t  
diagrams of t h e  device. Equations a r e  given for  def ining 
t h e  ve loc i ty  gradient independently of t h e  mean flow veloci ty ,  
t o  permit measurements i n  d r i f t  and sounding. 
for  t h e  angle 0 i n  t h e  Doppler s h i f t  formula a re  derived t o  
def ine maximum accuracy of  the system. 

Optimum values 

One of t h e  p r inc ipa l  questions i n  t h e  study of t h e  hydrodynamic processes 
i n  oceans and seas i s  t h e  measurement of t h e  ve loc i ty  f i e l d .  There are many 
methods of measuring t h e  flow veloci ty ,  based on t h e  most var ied pr inciples .  
Each of them has advantages and disadvantages r e l a t i v e  t o  t h e  others.  
t h e  method of measuring t h e  ve loc i ty  of a f l o w  r e l a t i v e  t o  t h e  instrument based 
on t h e  recording of t h e  Doppler frequency s h i f t s  of r ad ia t ion  sca t te red  by water, 
which deserves notice.  
l i n e a r i t y ,  iner t ia lessness ,  self-cal ibrat ion,  broad dynamic range, continuous 
recording, and absence of moving par ts .  
c e r t a i n  d is tance  from t h e  instrument, without perturbing t h e  volume of l i q u i d  
being measured. It i s  r a the r  d i f f i c u l t ,  however, t o  r e a l i z e  these  favorable 
fea tures .  I n s t a l l a t i o n s  f o r  measuring flow ve loc i t i e s ,  operat ing on t h e  Doppler 
p r inc ip l e  and using various forms of rad ia t ion  
n e t i c  ( l i g h t ) ,  a r e  described i n  (Ref.1, 9 - llj. The p r inc ip l e s  of operat ion of 
such systems resemble those described i n  (Ref.2, 3 ) .  

One i s  

This method has many favorable fea tures ,  f o r  instance,  

The f l o w  ve loc i ty  i s  a l so  measured at a 

both u l t r a son ic  and electromag- 

s h i f t  of t h e  
formula 

The ve loc i ty  of a flow i s  determined f r o m t h e  magnitude of t h e  Doppler 
frequency of t h e  scat tered r ad ia t ion  and i s  found by t h e  well-known 

where 
vi = 

A =  
5 =  

project ion of t h e  veloci ty  vector  of t h e  flow on t h e  axis of t h e  
t ransmi t te r  ; 
wavelength of t h e  incident r ad ia t ion ;  
coef f ic ien t  depending on t h e  angle between t h e  t ransmit ted and t h e  
received rays ;  
ve loc i ty  of ultrasound i n  water. 

/147 

36 Numbers i n  t h e  margin ind ica te  pagination i n  t h e  foreign t e x t .  
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It w i l l  be  c l ea r  from eq.(l)  t h a t  t h e  r e l a t i v e  e r ro r  of measurement of t h e  
mean flow ve loc i ty  depends on t h e  accuracy with which t h e  mean frequency of t h e  
Doppler spectrum af i s  determined, while t h e  s e n s i t i v i t y  i s  determined by t h e  
min imum s h i f t  of t h i s  frequency t h a t  can be recorded. Naturally t h e  value of 
t h e  ve loc i ty  here measured i s  averaged both over time andLver  space, i.e., over 
t h e  sca t t e r ing  volume. 
averaging time, t h e  form of t h e  d i s t r i b u t i o n  curves of t h e  spec t r a l  d e n s i t i e s  of 
t h e  s i g n a l  and noise  power, and on t h e  r a t i o  between these  powers. The dens i ty  
of t h e  s p e c t r a l  power of noise may be  considered constant i n  f i r s t  approximation, 
but  it may be very d i f f e ren t  f o r  t h e  s ignal  (Ref.10). The maximum value of t h e  
signal-to-noise r a t i o  at t h e  receiver  output is  r ea l i zed  a t  optimum f i l t r a t i o n .  

The accuracy of determination of A f  depends on t h e  

L e t  u s  consider what determines t h e  signal-to-noise r a t i o  at t h e  
pxl 

input  of t h e  l i n e a r  receiver .  
may be represented i n  t h e  form of two summands 

The e l e c t r i c  power at t h e  input of t h e  rece iver  

The power developed by t h e  s igna l  at t h e  receiver  input i s  

where 
P, = e l e c t r i c  power applied t o  t h e  r ad ia to r ;  

QID1 and QaD, = f ac to r s  taking account, respect ively,  of t h e  propert ies  
of t h e  r ad ia t ing  and receiving transducers;  

and damping during propagation; 
f(r) = coef f ic ien t  taking account of a t tenuat ion  due t o  divergence 

V = e f fec t ive  sca t te r ing  volume. 

The last t h r e e  f ac to r s  i n  eq.(2) character ize  t h e  sca t t e r ing  proper t ies  of 
t h e  volume V; more spec i f ica l ly :  

nl = proportion of  t h e  incident power sca t te red  i n  u n i t  volume; 
n2 = concentration of energy scat tered i n  t h e  d i r ec t ion  o f  recept ion;  
n, = proportion of t h e  coherent component of t h e  energy sca t te red  i n  

t h e  d i r ec t ion  of reception. 

The e l e c t r i c  power of t h e  noise  acting on t h e  rece iver  input may be repre- 
sented i n  t h e  general  form 

el = p @ + p , , s . p ,  +Pfh+enco, ( 3 )  

where 
Po = power of t h e  instrument noise of t h e  rece iver  input c i r c u i t s ;  

Paide = noise a r i s i n g  i n  t h e  s ide  lobes of t h e  r ad ia t ion  pa t t e rn  of t h e  

Pd = dynamic noise and t h e  noise due t o  flow around t h e  instruments; 
receiving transducer;  

P,, = thermal and molecular noises; /148 
P, = incoherent sca t te r ing .  
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The powers are summated, since the  processes causing them are s t a t i s t i c a l l y  
independent. 
instrument noise  Po i s  determined from t h e  Nyquist formula fo r  T = To(N - l), 
where To = 300'K and N i s  t h e  noise f a c t o r  of t h e  receiver .  Depending on t h e  
range of frequencies, N i s  equal t o  several  u n i t s  and may be decreased t o  values 
of 1.1 and values c lose t o  uni ty  by the  use of parametric amplif icat ion at t h e  
input .  
rece iv ing  transducer i s  determined by the sca t t e r ing  f ac to r  of t h e  transducer 
and i f  it i s  properly designed may be very small. 
flow around t h e  instruments i s  subs tan t ia l  a t  high flow ve loc i t i e s ;  f o r  t h e  
ordinary values f o r  sea v e l o c i t i e s  it may be neglected. 
namic underwater noise Pd i s  r a the r  sensible  a t  low u l t r a son ic  frequencies.  
shown i n  (Ref.7), with increasing frequency t h e  i n t e n s i t y  of  t h i s  noise  decl ines ,  
and, beginning a t  frequencies of  several  megahertz, t h e  thermal and molecular 
noises.become predominant (Ref .14). The power of t h e  incoherent s ca t t e r ing  Pi n G O  
i s  determined by t h e  proper t ies  of t h e  sca t t e r ing  volume; it has been shown 
(Ref.4) t o  be proportional t o  t h e  power of t h e  r ad ia t ion  passing through, while 
t h e  o ther  components a r e  independent of it. For t h i s  reason, by increasing t h e  
power of t h e  rad ia t ion ,  we may obtain the  predominance of t h e  last  summand of 
eq.(3) over t h e  sum of t h e  f i r s t  four summands, i.e.,  

Let u s  evaluate each summand i n  t h e  sum (3). The power of t h e  

The power Pside en ter ing  t h e  side lobes of t h e  r ad ia t ion  pa t t e rn  of t h e  

The power of t h e  noise  due t o  

The power of t h e  dy- 
A s  

Then t h e  noise  at t h e  receiver  input will be determined mainly by t h e  in- 
coherent sca t te r ing .  
t h e  rece iver  input may be wr i t t en  i n  the form 

Under t h i s  condition t h e  expression o f  t h e  noise  power a t  

Equation (5) d i f f e r s  from eq.(2) only i n  t h e  presence of t h e  f ac to r  1 - n, 
ins tead  of n,, and therefore ,  i f  condition ( 4 )  i s  s a t i s f i e d ,  t h e  signal-to-noise 
r a t i o  may be writ ten: 

This means t h a t  t h e  signal-to-noise r a t i o  a t  t h e  rece iver  input i s  deter-  

Expressions 
mined only by t h e  r a t i o  of t h e  in t ens i ty  of t h e  coherent and incoherent com- 
ponents of t h e  r ad ia t ion  sca t te red  i n  t h e  d i r ec t ion  of reception. 
have been given (Ref.5, 6) f o r  t h e  coherent and incoherent s ca t t e r ing  of con- 
t inuous r ad ia t ion  i n  a homogeneous medium, and it follows from them t h a t  t h e  
share of t h e  coherent component i s  very small. The value of ne i s  determined by 
t h e  length of t h e  incident  wave, t h e  propert ies  of t h e  medium, t h e  dimensions /149 
of t h e  sca t t e re r s ,  t h e i r  concentration, and t h e i r  d i s t r i b u t i o n  i n  t h e  sca t t e r -  
ing volume. 

Under t h e  assumption of axial symnetry, n, i s  a funct ion only of one co- 
Since t h e  angle 0 en te r s  i n t o  t h e  formula fo r  t h e  Doppler s h i f t ,  o rd ina te  0. 

t h e  maximum accuracy of t h e  system w i l l  b e  a t t a ined  at a c e r t a i n  optimum value 
of t h i s  angle, found from t h e  condition 
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e (e’ sin s. a = y 1 - nc (e) 

Here y i s  a constant; 0 i s  t h e  sca t te r ing  angle. 

I n  view of t h e  f a c t  t h a t  t h e  coherent sca t te r ing  i s  most powerful at small 
angles of sca t te r ing ,  t h e  determination of 0, becomes very important . 

It follows from t h e  above t h a t  eq.(6) i s  t r u e ,  provided t h e  condition (4) 
i s  s a t i s f i e d ;  therefore  t h e  estimate below w i l l  b e  t r u e  f o r  t h e  required radi-  
a ted power 

Further increase of t h e  radiated power i s  useless ,  s ince it will not y i e l d  
a sens ib le  improvement of t h e  signal-noise r a t i o  at t h e  receiver  input. There- 
fore,  t o  ca lcu la te  t h e  system correctly,  we must know t h e  coef f ic ien t  and indi-  
c a t r i x  of t h e  coherent and incoherent sca t te r ing  obtained i n  s i t u  f o r  various 
depths and regions of t h e  Pac i f ic  Ocean. 

I n  view of t h e  s t a t i s t i c a l  character of t h e  s c a t t e r i n g  process, and a l s o  
f o r  o ther  reasons, we observe a broadening of t h e  spectrum of t h e  sca t te red  
rad ia t ion .  Several  causes of t h e  broadening of t h e  Doppler spectrum are con- 
sidered i n  (Ref.10, 13). 
l u t e  broadening of t h e  spectrum on account of t h e  Brownian movement show t h a t  
it need b e  taken i n t o  account only f o r  s c a t t e r e r s  of very small s i z e  and f o r  
hypersonic frequencies; at lower frequencies t h i s  broadening i s  negl igibly s m a l l  
and may b e  neglected. 
broadening of t h e  spectrum depending on t h e  width of t h e  r a d i a t i o n  pa t te rns  of 
d i s c  transducers,  and shows t h a t ,  i f  t h e  rad ius  of t h e  r a d i a t i n g  surface of t h e  
transducer exceeds 10 A ,  then t h e  r e l a t i v e  broadening w i l l  b e  l e s s  than 
These estimates,  however, a r e  t r u e  for  t h e  far zone, i.e., for  

Estimates given i n  (Ref.13) for t h e  value of t h e  abso- 

The same source a l s o  gives es t imates  of t h e  r e l a t i v e  

D = diameter of t h e  rad ia tor ;  
p = e f f e c t i v e  diameter of t h e  sca t te r ing  volume. 

However, for  t h e  Doppler flow-velocity meters described i n  ( R e f  .9, lo), t h e  
s c a t t e r i n g  volume i s  i n  t h e  near zone, and f o r  t h i s  reason t h e  broadening should 
b e  considerably greater than indicated by t h e  author of (Ref.13). This broaden- 
ing  may be decreased i n  near-zone operation by t h e  use of various coll imator 
devices (Ref.8). 
t o  t h e  r a d i a t i o n  pa t te rns  of t h e  transducers i s  constant f o r  a given instrument, 
and may be made r a t h e r  small (< loe4) by a r a t i o n a l  choice of D, p and r. 

But, i n  general, t h e  r e l a t i v e  broadening of t h e  spectrum due 

k 



The f i n i t e  residence t i m e  of a sca t te r ing  p a r t i c l e  i n  t h e  volume, and t h e  
turbulence,  are t h e  two pr inc ipa l  cames of broadening of t h e  spectrum of t,he 
Doppler frequencies. 

L e t  pv be t h e  e f f e c t i v e  dimension of t h e  s c a t t e r i n g  volume i n  t h e  d i rec t ion  
of  t h e  t o t a l  ve loc i ty  vector;  V t h e  modulus of t h e  veloci ty  vector; then t h e  

residence time 

absolute  width 

of a sca t te r ing  p a r t i c l e  i n  t h e  volume wi l l  be t = -k and t h e  V 
of t h e  band of scattered r a d i a t i o n  w i l l  

The r e l a t i v e  width of t h e  Doppler spectrum due t o  
of t h e  p a r t i c l e  i n  t h e  volume may be found by dividing 

x n 
s=,==* 

be 

( 8) 

t h e  f i n i t e  residence time 
eq.(8) by eq.(l): 

( 9 )  

On condition t h a t  t h e  t ransmi t te r  i s  self-aligning r e l a t i v e  t o  t h e  flow, 
we obtain 

where k l  i s  t h e  e f f e c t i v e  dimension of t h e  s c a t t e r i n g  volume i n  t h e  d i r e c t i o n  of 
flow, i n  wavelengths . 

Equation (10) shows t h a t ,  f o r  such a t ransmi t te r ,  t h e  r e l a t i v e  width of t h e  
bands of t h e  Doppler s p e c t r a l  frequencies i s  independent of t h e  ve loc i ty  of t h e  
scat  t e r  e r  s . 

We note t h a t  f o r  a t ransmi t te r  aligning i t s e l f  t ransverse  of t h e  flow, it 
follows from eq.(l)  t h a t  A f  = 0; but t h e  absolute width of t h i s  band, as follows 
from eq.(8), i s  d i r e c t l y  proportional t o  t h e  flow ve loc i ty  and does not depend 
on t h e  wavelength. 

K = -, where pv is  constant, we may construct a flow-velocity meter operating 

on a pr inc ip le  d i f f e r e n t  from t h e  Doppler pr inciple ,  but based on t h e  r e g i s t r a -  
t i o n  of t h e  f i n i t e  residence t i m e  of p a r t i c l e s  i n  t h e  s c a t t e r i n g  volume. 

Consequently, by reg is te r ing  t h i s  broadening of t h e  spectrum, 

V 
P V  

For a t ransmi t te r  self-aligned r e l a t i v e  t o  t h e  flow, we may s e l e c t  values (151 
of kl i n  eq.(lO) such t h a t  t h e  r e l a t i v e  broadening o f  t h e  spectrum due t o  t h e  
f i n i t e  residence t i m e  of t h e  scat ter ing p a r t i c l e s  i n  t h e  volume s h a l l  b e  suf f i -  
c ien t  l y  small 

A fur ther  broadening of t h e  band o f  Doppler frequencies i s  due t o  t h e  
turbulen t  s t r u c t u r e  of t h e  flow i n  the  s c a t t e r i n g  volume. 
t h e  r e s u l t  of t h e  measurements may be considered i n  two d i f f e r e n t  ways, depend- 

Here, simultaneously, 
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i n g  on t h e  sca l e  of t h e  process studied. If t h e  flow ve loc i ty  i s  determined 
from t h e  mean frequency of t h e  Doppler spectrum of freqcencies af, while t h e  
s c a t t e r i n g  volume i s  considered negl igibly small i n  comparison with t h e  volume 
of t h e  reg ion  invest igated,  i.e., if the condition L 9 p i s  s a t i s f i e d ,  where L 
i s  t h e  e f f e c t i v e  dimension of  t h e  region studied, then  we s h a l l  have a Euler ian 
ve loc i ty  of f l u i d  flow across t h e  point a t  which t h e  instrument i s  s i tua ted .  
I n  t h e  contrary case, where a < p, which i s  usua l ly  t h e  case i f  a character izes  
t h e  s i z e  of t h e  sca t t e r ing  pa r t i c l e s ,  which may be  considered as Lagrangean 
" f l u i d  par t ic les" ,  t h e  instrument simultaneously r e g i s t e r s  t h e  sum of t h e  com- 
ponents of t h e  Lagrangean ve loc i ty  of these  " f l u i d  par t ic les"  i n  t h e  sca t t e r ing  
volume, which i s  equivalent t o  averaging over t h e  array,  and makes it possible  
t o  v e r i f y  t h e  e rgodic i ty  fo r  s ta t ionary  processes. I n  t h i s  case, t h e  absolute 
width of t h e  band of Doppler spectrum corresponds t o  t h e  dispers ion of ve loc i ty  
of t h e  p a r t i c l e s  i n  t h e  sca t t e r ing  volume and charac te r izes  t h e  i n t e n s i t y  of 
t h e  turbulence on t h e  sca le  of t h e  volume: 

Hence follows t h e  p o s s i b i l i t y  of d i rec t  measurements of t h e  r a t e  of d i s s ipa t ion  
of energy and t h e  exchange coeff ic ients .  
r epea t s  t h e  shape of t h e  d i s t r i b u t i o n  o f  t h e  v e l o c i t i e s  project ions of t h e  
p a r t i c l e s ,  allowing f o r  t h e  weight contributed by them t o  t h e  t o t a l  s ignal .  I f  
t h e  pro jec t ion  of t h e  ve loc i ty  of a p a r t i c l e  and i t s  r e f l e c t i n g  power are inde- 
pendent, then gradient measurements may b e  made, f o r  example, i n  t h e  boundary 
l aye r s  . 

The spectrum of t h e  Doppler s igna l  

The accuracy of such measurements depends on t h e  r a t i o  of t h e  frequency 
bands obtained on account of t h e  f i n i t e  t ime of residence of  t h e  sca t t e r ing  
p a r t i c l e  and t h e  band of frequencies AF obtained as a r e s u l t  of t h e  ve loc i ty  
d ispers ion  i n  t h e  sca t t e r ing  volume. 
mine AF i n  t h e  motion, fo r  example, i n  t h e  d r i f t  o r  by sounding, s ince  AF char- 
a c t e r i z e s  t h e  r e l a t i v e  motion of t h e  " l iqu id  pa r t i c l e s "  i n  t h e  sca t t e r ing  volume. 

We note t h a t  with increasing p t h e  r a t i o  - increases ,  s ince u i n  t h i s  case 

becomes smaller, as follows from eq.(8), while t h e  d ispers ion  of ve loc i ty  becomes 
grea te r .  

I n  t h i s  case it becomes possible  t o  deter-  

AF 
U 

The maximum possible  veloci ty  of d r i f t  or sounding, or of o s c i l l a t i o n s  
i n  buoy i n s t a l l a t i o n s ,  may be found from t h e  condition /152 

%> w 1. 

The r e l a t i v e  i n t e n s i t y  of t h e  turbulent  ve loc i ty  pulsat ions equals t h e  
r e l a t i v e  broadening of t h e  band on account of turbulence,  i.e., 

where G is  determined under t h e  condition t h a t  

6 



By se l ec t ing  various values of p and h and recording t h e  changes i n  t h e  
width o f  t h e  Doppler spectrum, we may invest igate ,  a t  a ce r t a in  d is tance  from 
t h e  instrument, t h e  s t a t i s t i c a l  cha rac t e r i s t i c s  of t h e  turbulence f o r  various 
sca l e s  down t o  t h e  very smallest scale,  while t h e  use f o r  such purposes, f o r  
instance,  of thermohydrometers, has cer ta in  l imi t a t ions ,  due t o  t h e  f i n i t e  s i z e  
of t h e  t ransmi t te r ,  i t s  i n e r t i a ,  and the per turbat ion of t h e  stream. 

Fig.1 Block Diagram of Doppler Flow-Velocity Meter. 

We s h a l l  now consider t h e  poss ib i l i t y  of making measurements simultaneously 
i n  d i f f e r e n t  volumes o f  t h e  space, and, i n  pa r t i cu la r  when t h e  smaller volume 
i s  contained i n  t h e  la rger .  

Consider severa l  vers ions of t h e  possible r e a l i z a t i o n  of Doppler flow ve- 
Figure l shows a block diagram of a one-component Doppler flow l o c i t y  meters. 

ve loc i ty  meter, based on a p r inc ip l e  of synchronous reception. The high-fre- 
quency o s c i l l a t o r  1 feeds t h e  u l t rasonic  r ad ia to r  2. 
t h e  s i g n a l  i s  received by t h e  transducer 3. After amplif icat ion i n  t h e  high- 
frequency amplif ier  4, it a r r i v e s  at  t h e  block 5, where it i s  mult ipl ied with 
t h e  reference voltage a r r iv ing  d i r e c t l y  from t h e  o s c i l l a t o r  1. 
t h i s  mult ipl icat ion,  two s p e c t r a l  bands are formed, one corresponding t o  t h e  
d i f f e rence  between t h e  frequencies of t h e  o s c i l l a t o r  and t h e  sca t te red  rad ia t ion ,  
and lying i n  t h e  region of zero frequencies, while t h e  mean frequency of t h e  
second band equals t h e  sum of these  frequencies. 
low-frequency region from t h e  Doppler frequencies, which, a f t e r  t h e  amplif ier  7, 
a r r i v e  at t h e  recorder 8. 
( R e f . l O ) ,  .a meter b u i l t  according t o  t h e  proposed scheme has t h e  following ad- 
vantages: On separat ion of t h e  spectrum of Doppler frequencies it i s  very im- 
por tant  t o  obtain t h e  corresponding frequency c h a r a c t e r i s t i c s  of t h e  receiving 
channel, s ince  on broadening of t h e  frequency band more completely occupied by 
t h e  Doppler spectrum, t h e  signal-noise r a t i o  i n  t h e  band decreases. 
severe requirements on t h e  shape o f  t he  frequency c h a r a c t e r i s t i c  of t h e  re-  
ceiver t r a c t ,  with respect  t o  t h e  steepness of t h e  s lopes and t o  s t a b i l i t y .  I n  
t h e  meter described i n  (Ref .lo), t h i s  i s  a t ta ined  by t h e  use of c r y s t a l  s t a b i l i -  
za t ion  of t h e  frequencies of t h e  r ad ia t ing  o s c i l l a t o r  and heterodyne of t h e  re- 
ceiver,  while t h e  frequency se l ec t ion  i s  accomplished on t h e  intermediate f re -  
quency. 
used, and therefore ,  on t h e  whole, such a system must be  regarded as nonlinear,  
and t h i s  f ac t  must be taken i n t o  account i n  t h e  ana lys i s  of t h e  s ignal .  

From t h e  sca t t e r ing  volume 

A s  a r e s u l t  o f  

The f i l t e r  6 separates  t h e  

By comparison with t h e  apparatus described i n  /I53 

This imposes 

Further than t h a t ,  i n  t h i s  (Ref.10) system an amplitude de tec tor  i s  

I n  t h e  meter shown on t h e  block diagram of Fig.1, no superheterodyne 
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r ece ive r  i s  necessary. The receiving p a r t  of t h i s  meter may be regarded as a 
l i n e a r  system, s ince  i n  t h e  mul t ip l ie r  t h e  operat ion U o u t  = U o a U l l i g  i s  accom- 
plished, U, being constant i n  amplitude, and, consequently, a simple t r a n s f e r  
of t h e  spectrum i n t o  t h e  region of zero frequencies t akes  place. The question 
of frequency se l ec t ion  i n  t h i s  case i s  very simply solved. 
t h e  rece iver  on high frequency w i l l  be determined by t h e  c h a r a c t e r i s t i c  o f  t h e  
low-frequency f i l t e r  which may be b u i l t  almost idea l .  
not be  imposed on t h e  frequency-stabil i ty of  t h e  o s c i l l a t i o n s  from t h e  osc i l -  
l a t o r ,  and therefore  t h e  simplest schemes of s e l f -osc i l l a to r s  can be used, i n  
p a r t i c u l a r  those employing tunnel  diodes. I f ,  however, i n s t a l l a t i o n s  with a 
very grea t  d i s tance  between r ad ia to r  and rece iver  are used, it may be necessary 
t o  place them i n  separate  containers.  I n  t h i s  case it i s  possible  t o  use sepa- 
ra te  o s c i l l a t o r s  both f o r  t h e  rad ia t ion  and t h e  recept ion of t h e  reference fre- 
quency. 
obtained from t h e  condition 

The pass-bands of 

Severe requirements need 

The requirements f o r  t h e  frequency s t a b i l i t y  of these  o s c i l l a t o r s  are 

‘fds Afrnih 9 

where 
Af,,, = absolute  mismatch o f  the frequencies of t h e  generators;  
Af,,,, = minimum frequency of the Doppler s h i f t .  e 

= - (depending on t h e  Af,b8 

1 I f  we put Af,,,, = 0.1 Hz, then 

frequency f ) ,  which i s  e n t i r e l y  a t ta inable  using quartz s t ab i l i za t ion .  
mu l t ip l i ca t ion  o f  t h e  s igna l s  i n  block 5 (Fig.1) may be accomplished according 
t o  var ious pr inc ip les ,  but t h e  most su i tab le  f o r  t hese  purposes i s  t h a t  of s ign  
co r re l a to r s  and analog mul t ip l ie rs .  
a f i n i t e  region of mult ipl icat ion,  which i s  r e s t r i c t e d  ( f o r  example i n  t h e  case 
of an analog mul t ip l ie r ,  designed i n  t h e  form of an annular balance modulator), 
by t h e  limit of quadra t ic i ty  of  t h e  nonlinear elements used, t h e  corresponding 
r e s t r i c t i o n s  are imposed on t h e  amplitude of t h e  s igna l  and t h e  reference f re -  
quency i n  analog mul t ip l ica t ion .  I n  par t icu lar ,  when semiconductor diodes are 
used as nonlinear r e s i s t o r s ,  t h e i r  region of quadra t ic i ty  i s  about 0.5 vo l t ,  
which must be taken i n t o  account i n  se t t i ng  up t h e  l e v e l  diagram. Since t h e r e  
i s  always d i r e c t  leakage of s igna ls  from t h e  r ad ia to r  i n t o  t h e  receiving t rans-  
ducer, t h i s  e f fec t  may a t  times impose a r e s t r i c t i o n  on t h e  values of m a d m u m  
amplif icat ion of t h e  high-frequency amplifier 4. 

The 

Since a l l  r e a l  multiplying schemes have 1154 

A s  already noted, i n  view of t h e  s t a t i s t i c a l  character  of s ca t t e r ing ,  t h e  
coherent sca t te red  s igna l  i s  subject t o  amplitude and phase f luc tua t ions .  
t h e  proposed i n s t a l l a t i o n  they may be  separated by adding, after t h e  high-fre- 
quency amplif ier ,  a second channel on t h e  mul t ip l i e r  of which t h e  reference 
voltage i s  fed with a 90’ phase s h i f t .  Then t h e  f luc tua t ion  of t h e  amplitude 
of t h e  coherently sca t te red  s igna l  may be found from t h e  r e l a t i o n  aA = A ( % )  - 

I n  

- ~d(tJ, where A ( t )  = ,/a”(t) + b ” ( t ) .  

Here a ( t )  and b ( t )  are t h e  s ignal  amplitudes at t h e  output of each channel. 
The phase f luc tua t ions  may be  determined from t h e  r e l a t i o n  by = cp(t) -*I, 

a(t  1 where cp(t) = a r c  t a n  b(t). 
8 



To decrease t h e  influence of amplitude f luc tua t ions  connected with t h e  
v a r i a t i o n  of t h e  mean concentration of t h e  sca t te re rs ,  a system of automatic 
amplif icat ion control  may be used. 

Figure 2 i s  a block diagram o f  an i n s t a l l a t i o n  f o r  recording t ransverse 
pulsat ions of flow velocity.  I n  t h i s  i n s t a l l a t i o n ,  t h e  pr inc ip le  of autocorre- 
l a t i o n  recept ion i s  real ized.  This scheme may be regarded as a br idge scheme 
with mutual compensation of t h e  Doppler frequencies of  t h e  longi tudinal  com- 
ponents of veloci ty .  But it would be more correct t o  regard t h i s  scheme as a 

version of t h e  phase method. On ir- 
r a d i a t i o n  by t h e  r a d i a t o r  2, t h e  par- 
t i c l e s  i n  t h e  s c a t t e r i n g  volume ( t h e  
hatched area  i n  Fig.2) may be regarded 
as sources of u l t rasonic  o s c i l l a t i o n s ,  
r a d i a t i n g  spherical  waves of frequency 
f = fa + A f ,  where fa i s  t h e  frequency 
of t h e  o s c i l l a t o r ,  and A f  i s  t h e  Doppler 
s h i f t .  The receiving par t  of t h i s  in- 
st a l l a t i o n  i s  an equal-armed in te r fe ro-  
meter. The axis passing through t h e  
receiving transducers 3 and 4 i s  or i -  
ented normal t o  t h e  flow. I n  t h i s  case 

1-4 7 I 
4-J 

Fig.2 
p l e r  Meter of Transverse Pulsa- 

1 - Osci l la tor ;  2 - Radiator; 
3 and 4 - Receiving transducers;  
5 and 6 - High-frequency ampli- 
f iers;  7 - Mult ipl ier ;  8 - Low- 
frequency f i l t e r ;  9 - Low-fre- 
quency amplif ier ;  10 - Recorder. 

Block Diagram of t h e  Dop- 

t i o n s  of Flow Velocity. 

t h e  phase difference of t h e  o s c i l l a t i o n s  
a r r i v i n g  a t  t h e  transducers 3 and 4 is  
determined only by t h e  t ransverse com- 
ponent of veloci ty ,  i.e., it does not 
depend on t h e  increment A f  due t o  t h e  
longi tudinal  component. I f  t h e  varia- 
t i o n  of t h e  phase d i f fe rence  with t i m e  
i s  rapid, then  a t  t h e  output of t h e  
mul t ip l ie r  7 we obtain low-frequency 
o s c i l l a t i o n s  of t h e  frequency @/at .  
This scheme provides b ipolar  reception, 
and t h e  s ign of t h e  phase depends on t h e  
d i r e c t i o n  of t h e  t ransverse  component 
of veloci ty .  The low-frequency f i l t e r  8 
passes t h e  spectrum i n  t h e  region of 
zero frequencies. I n  t h e  simplest case, 
t h i s  may be t h e  ordinary in tegra ted  
RC-circuit with a t i m e  constant of 
several  seconds or f r a c t i o n s  of a second. 

/155 

This system assures optimum reception, s ince it i s  a system with servo- 
f i l t e r .  
p a r a s i t i c  pulsations,  must be located on t h e  axis of r o t a t i o n  of t h e  t ransmi t te r  
on i t s  self-alignment r e l a t i v e  t o  t h e  flow. 

We note t h a t  i n  t h i s  i n s t a l l a t i o n  t h e  s c a t t e r i n g  volume, t o  eliminate 

Figure 3 gives two versions of i n s t a l l a t i o n s  f o r  inves t iga t ing  t h e  s p a t i a l  
c o r r e l a t i o n  of t h e  ve loc i ty  f i e l d .  
but t h e  f i e l d  of appl icat ion of t h e  scheme i n  Fig.3a i s  at g r e a t  dis tances  1 be- 
tween t h e  s c a t t e r i n g  volumes, and t h a t  of t h e  scheme i n  Fig.3b i s  f o r  small 
values of 1. The pr inc ip le  of operation of these  i n s t a l l a t i o n s  i s  based on 

I n  both schemes we use a common o s c i l l a t o r ,  

/I56 
Y 



t h e  f a c t  t h a t  par t  of t h e  rad ia t ion  scat tered by two non-overlapping s c a t t e r i n g  
volumes must be coherent (Ref.12). 
t h e  voltage across  t h e  output of t h e  mul t ip l ie r  corresponds t o  t h e  power of t h e  
sca t te red  radiat ion,  and t h e  scheme i s  equivalent t o  a single-channel receiver  
with a square detector.  If t h e  scat ter ing volumes a r e  separated, then the  cor- 
r e l a t i o n  declines.  By s h i f t i n g  t h e  t ransmi t te rs  by t h e  dis tance 1,  we obtain at 
t h e  output of t h e  mul t ip l ie r  a spectrum of Doppler difference frequencies cor- 
responding t o  t h e  difference i n  t h e  projections of t h e  flow veloci ty  on t h e  axis 
of t h e  i n s t a l l a t i o n .  

On coincidence of t h e  s c a t t e r i n g  volumes, 

I 
t 

1 

b I 

Fig.3 
t h e  Spat ia l  Correlation of t h e  Velocity Field.  

a - I n s t a l l a t i o n  with common o s c i l l a t o r  and separate radi-  
a t o r s ;  b - I n s t a l l a t i o n  w i t h  common o s c i l l a t o r  and comon 
rad ia tor ;  1 - Osci l la tor ;  2 and 3 - Radiator;  4 and 5 - Re- 
ceiving transducers;  6 and 7 - High-frequency amplif iers ;  
8 - Mult ipl ier ;  9 - Low-frequency f i l t e r ;  10 - Low-frequency 

Block Diagram of I n s t a l l a t i o n s  f o r  Invest igat ing 

amplifier;  11 -Recorder.  

If t h e  condition (11) is  s a t i s f i e d ,  t h e  v e l o c i t y  gradient may be recorded 
independently of t h e  mean flow velocity,  i.e., it i s  possible t o  make measure- 
ments i n  d r i f t  and i n  sounding. By arranging severa l  t ransmi t te rs  at t h e  same 
time at  d i f f e r e n t  dis tances  on t h e  base 1, we can obtain t h e  space-time sta- 
t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  veloci ty  f i e l d .  

One of t h e  subs tan t ia l  f a c t o r s  i n  Doppler flow meters i s  t h e  l o c a l i z a t i o n  
of t h e  sca t te r ing  volume i n  space. Let u s  consider several  methods of obtain- 
ing  s p a t i a l  s e l e c t i v i t y .  
t i o n  of t h e  volume by i n t e r s e c t i o n  i n  space of t h e  r a d i a t i o n  pa t te rns  of t h e  
r a d i a t i n g  and receiving transducers.  
t h i s  method has an insuf f ic ien t  resolving power along t h e  beam. 
methods, widely used i n  radar,  of obtaining s p a t i a l  s e l e c t i v i t y  f o r  measuring 
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The most widely used i s  t h e  method based on loca l iza-  

However, with a l imited instrument base, /157 
The pulse 



t h e  flow ve loc i ty  by t h e  Doppler method are unsui table ,  since,  t o  obtain good 
r e so lu t ion  i n  d i s t a m e ,  t h e  wave packet must be of short  durat ion;  consequently, 
t h e  measure of i t s  coherence w i l l  l ikewise be  small, and, as shown i n  (Ref.6), 
t h e r e  i s  no coherent s ca t t e r ing  fo r  t h e  pulse s igna l  nor an i so t rop ic  d i s t r ibu -  
t i o n  of t h e  s ca t t e r e r s .  
w i s e  involves grea t  d i f f i c u l t i e s ,  since t h e  sca t te red  s igna l  contains a Doppler 
frequency s h i f t .  

The appl icat ion of t h e  frequency modulation method l ike-  

Fig.4 Block Diagram and Doppler FlowMeter, using Noise 
Radiation t o  Obtain Spa t i a l  Se lec t iv i ty :  

1 - Noise generator;  2 - Bridge c i r c u i t ;  3 - Transducer; 
4 - High-frequency amplifier;  5 - Delay l i n e ;  6, 7, 8 - 
High-frequency amplif iers  with d i f f e r e n t  passbands, 

9,  10, 11 - Mult ip l ie r ;  12, 13, 14 - Recorders. 

Let us now consider methods of obtaining s p a t i a l  s e l e c t i v i t y ,  using con- 
Figure 4 t inuous noise  r ad ia t ion  ins tead  of monochromatic noise  rad ia t ion .  

gives a block diagram of such an i n s t a l l a t i o n  using t h e  p r inc ip l e  of  cor re la t ion  
recept ion  [ i n  t h i s  f igure ,  a i s  t h e  form of t h e  funct ion R ( T )  for a narrow band 
and b i t s  form fo r  a wide band]. 

The noise generator (1) radia tes ,  on a frequency we, t h e  noise voltage U ( t )  
i n  t h e  band AUI. P a r t  of t h i s  voltage en ters  t h e  delay l i n e  (5),  and t h e  
remainder i s  fed to t h e  br idge scheme (2).  
one of whose diagonals i s  fed with t h e  voltage from t h e  generator while t h e  
other  i s  connected with t h e  input of  t h e  rece iver .  
bridge i s  t h e  u l t rasonic  transducer ( 3 ) .  
br idge  may be e i t h e r  b u i l t  on t h e  d i f f e r e n t i a l  transformer p r inc ip l e  o r )  f o r  
high frequencies, i n  t h e  form of a hybrid r ing .  
s igna l  from t h e  generator (1) reaches the  rece iver  input ,  but when a s igna l  i s  

1158 
This scheme i s  a balanced br idge,  

One of  t h e  a r m s  of t h e  
Depending on t h e  frequency range, t h e  

Under balance conditions, no 
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received by t h e  transducers ( 3 ) ,  t h e  bridge i s  unbalanced and t h e  s igna l  received 
goes t o  t h e  receiver  input. 
one transducer on recept ion and on radiat ion.  The advantages of a ve loc i ty  meter 
with one transducer a r e  t h a t  t h e  spectrum broadening i s  minimum, s ince 5 = 1 i n  
eqs.(9) and (1); and t h e  rad ia t ion  pat terns  of t h e  transducers need not be ad- 
justed nor t h e  angles between them calibrated.  The u l t rasonic  noise o s c i l l a -  
t i o n s  are propagated along t h e  beam of t h e  transducer (3 )  and from each element 
of t h e  volume included i n  t h e  beam, w h i l e  t h e  sca t te red  rad ia t ion  i s  fed back 
t o  t h e  transducer . The o s c i l l a t i o n s  corresponding t o  t h i s  backscattering a r e  
amplified i n  t h e  amplif ier  (4) and ar r ive  at t h e  inputs  of t h e  frequency f i l t e r s  
( 6 ) ,  (7) ,  ( 8 ) .  A t  t h e  same time t h a t  the  ultrasound i s  propagated i n  t h e  medium 
whose ve loc i ty  i s  t o  be measured, t h e  o s c i l l a t i o n s  are a l s o  propagated i n  t h e  
delay l i n e  (5) .  The mul t ip l ie r  (11) with t h e  low-frequency f i l t e r  i s  a corre- 
l a t o r  with t h e  voltage at  i t s  output: 

Thus, t h e  c i r c u i t  ensures simultaneous operation of 

T I 1 R (T) = 5;- 1 U ( t )  U (t - T) dt,  
0 

where 

The s i g n a l  w i l l  be  maximum at t h e  cor re la tor  output when t h e  center of t h e  
s c a t t e r i n g  volume i s  separated from the transducer (3) by r which i s  t h e  d is -  
tance covered by t h e  sound on i t s  way t o  it and back 
f o r  propagation of t h e  s igna l  over t h e  delay l i n e  (51. 
termined only by t h e  delay time t,, l i n  t h e  l ine:  r = 0.5 C,, *tde l . For ex- 
ample, for tdel  = 10 psec, r = 7.5 m. 
then  t h e  dis tance r equals half  og t h e  geometric length of t h e  l i n e .  
i n g  t h e  s i g n a l  propagation time on t h e  l i n e ,  f o r  example over t h e  t a p s  I and 11, 
t h e  s c a t t e r i n g  volumes may be simultaneously loca l ized  a t  d i f f e r e n t  dis tances  
from t h e  instrument. The configuration of  t h e  s c a t t e r i n g  volume i n  t h e  plane 
normal t o  t h e  beam i s  determined by the r a d i a t i o n  p a t t e r n  of t h e  transducer,  and 
i n  t h e  d i r e c t i o n  of t h e  beam by t h e  band of noise frequencies Aw and t h e  slope 
of i t s  frequency charac te r i s t ic .  
t h e  cor re la t ion  function i s  found by the well-known formula 

during t h e  time required 
This dis tance r i s  de- 

I f  a hydroacoustic delay l i n e  i s  used, 
By vary- 

The correlat ion between t h e  spectrum and 1159 

R (T )  = j G (CJ) cos ordo, 

where G(w) i s  t h e  spectrum of t h e  noise a r r iv ing  a t  t h e  mul t ip l ie r  input ,  and 
f o r  t h e  normal white noise of t h e  generator i s  determined by t h e  product of t h e  
amplitude-frequency and phase charac te r i s t ics  of both channels. 

The form of t h e  passband Aw determines t h e  form of t h e  envelope of t h e  
function R(T); f o r  example, for t h e  rectangular band Aw, we have 

AW 
sin-2-r ' 

R (T) = U' - *~ COS 0,T = U'T (T) Co5 0.7, 
--r 2 
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where 
2 = dispersion of t h e  s ignal ;  

r ( T )  = slowly varying function under t h e  condition hur < uro . 
A s  w i l l  be c lear  from eq.(12), the  function r ( T )  f o r  a rectangular band i s  

of an o s c i l l a t i n g  damped character. 
shaped frequency c h a r a c t e r i s t i c  

More su i tab le  i s  a s igna l  with a b e l l -  

x (w-o,)1 ~ - 
Awl G ( o )  = uae 9 

f o r  which t h e  function r ( T )  i s  monotonously damped, i.e., 

The function r ( T )  depends on Aw and determines t h e  rad ius  of s p a t i a l  corre- 
l a t i o n  hr (Fig.&). 
l e v e l  e-l,  we obtained f o r  t h e  r e s u l t a n t  Gaussian charac te r i s t ic :  

Assuming t h a t  t h e  radius  of cor re la t ion  i s  measured on t h e  

For example, f o r  t h e  100 KHz frequency band, Ar = 5 cm. Thus, by se lec t ing  
various values of hw and tdel ,  we can simultaneously accomplish reception from 
d i f f e r e n t  volumes of t h e  space located, e i t h e r  one i n  t h e  other,  or at d i f f e r e n t  
d i s tances  from t h e  instrument. 
mean frequency of t h e  radiated spectrum, so t h a t  t h e r e  will be a c e r t a i n  de- 
crease i n  t h e  modulation depth of t h e  Doppler spectrum due t o  t h e  band b. 
delay l i n e s  must meet severe requirements with respect t o  t h e i r  amplitude-fre- 
quency and phase charac te r i s t ics ,  which must allow f o r  t h e  dispers ion of t h e  
ve loc i ty  of sound and t h e  at tenuat ion i n  t h e  band Aw during i t s  propagation. 
For shor t  dis tances  r, hydroacoustic delay l i n e s  a r e  possible,  but  f o r  l a r g e  
d is tances  r, i.e., f o r  times tdel > 1 psec, t h e  delays must be on magnetic 
drums or magnetic tape. 

We note t h a t ,  i n  t h i s  case, eq.(l) contains t h e  

The 

1160 

If a source of noise rad ia t ion  i s  used instead of t h e  generator (1) i n  t h e  
i n s t a l l a t i o n s  shown i n  Fig.2, then t h e  signal-to-noise r a t i o  at t h e  output of 

t h e  system can be increased by a fac tor  of 

of noise  r a d i a t i o n  a r r iv ing  a t  t h e  mult ipl ier  input and B i s  t h e  passband of t h e  
low-frequency f i l t e r .  
ring" of t h e  in te r fe rence  p a t t e r n  and depends on t h e  t ransverse  dimension of t h e  
zone i n  wavelengths kl and on t h e  d i s t r i b u t i o n  of t h e  f i e l d  i n t e n s i t y  i n  t h e  
s c a t t e r i n g  volume and may be found f rom t h e  following estimates. 

- where Aw is  t h e  frequency band E 
The value of Aw i s  most l imited by t h e  degree of "blur- 

The dependence of t h e  modulation depth on t h e  difference of t h e  course f o r  
a rectangular frequency band i s  defined by t h e  formula 



kl 
2 

where w~ i s  t h e  mean frequency of rad ia t ion  and - i s  t h e  d i f fe rence  i n  course. 

Hence, pu t t ing  M = 0.63, w e  f ind  

rad 
sec 

For kl = 100, w~ = 2rr lo7 -, and B = 1 - 10 Hz, we improve t h e  

signal-to-noise r a t i o  by a f ac to r  of  about 100. 

I Y  

a 
. 

Fig.5 

1 - Light source; 2 - Direct ray; 3 and 4 - Mirrors;  
5 - Scattered rays; 6 - Diaphragm (sl i t) ;  PP - Translucent 

p la te ;  7 - Photomultiplier; 8 - Recorder. 

Diagrams of I n s t a l l a t i o n s  f o r  Finding t h e  Doppler 
Frequency S h i f t s  i n  Scattered Light . 

For frequency cha rac t e r i s t i c s  d i f f e r ing  from rectangular ,  t h i s  improvement 
i s  somewhat smaller. It follows likewise from eq.(l4) t h a t ,  by increasing t h e  
band Aw, one can a l so  decrease t h e  e f f ec t ive  t ransverse  dimension of t h e  scat-  
t e r i n g  volume which can be determined, not by t h e  r a d i a t i o n  pa t t e rn  of rad i -  
a t o r  2 (Fig.2), but by t h e  r e l a t i v e  bandwidth of noise  radiat ion.  

With respect  t o  t h e  appl ica t ion  of electromagnetic o s c i l l a t i o n s  ( l i g h t )  t o  
f i n d  t h e  Doppler frequency s h i f t s  i n  the  sca t t e red  rad ia t ion ,  we note t h a t  i f  

I k  

.. 
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equal-armed interferometers a re  used, of which some var ian ts  a r e  shown i n  Fig.5 
f o r  various sca t te r ing  angles ( a  - scatkering at small angles; b - sca t te r ing  
at  la rge  angles; c - backscattering; d - sca t t e r ing  at angle 90°), t h e  s t ipula-  
t i o n  t h a t  t h e  dimensions of t h e  l i g h t  source b e  f i n i t e  i s  more important than 
t h e  s t i pu la t ion  t h a t  it be monochromatic. 
mated from eq.(U+). 
f o r  v i s i b l e  l i g h t  must not exceed 5 - 10 11, which i s  en t i r e ly  a t ta inable  f o r  
ordinary spec t ra l  sources o r  interference f i l ters.  
obl igatory t o  use l a s e r s  as t h e  l i g h t  source (Ref.11). 
s ca t t e r ing  i s  grea tes t  at small sca t te r ing  angles, as shown elsewhere ( R e f  .5), 
it i s  likewise necessary t o  f ind O o p t  so as t o  obtain t h e  maximum s e n s i t i v i t y  
t o  flow velocity.  It follows (Ref.13) t h a t  t h e  s e n s i t i v i t y  of op t i ca l  Doppler 
meters w i l l  be l imited by Brownian movement. 

The spec t ra l  bandwidth can be e s t i -  
For instance, at kl = 1000, t h e  width of a rad ia t ion  l i n e  

This makes it no longer 
Since t h e  coherent /161 

It i s  possible, however, t o  measure mean flow ve loc i t i e s  (of t h e  order of 
cm/sec) by combining a Doppler meter with a hydrodynamic ve loc i ty  t rans-  

The Doppler method a l so  permits determination o f  t h e  proper motion of former. 
a suspension r e l a t i v e  t o  t h e  l iqu id ,  by simultaneous appl icat ion of t h e  Doppler 
and phase methods of veloci ty  measurement, since both methods a re  absolute. 

I n  conclusion, we note t h a t  t h e  questions of recording, processing, and 
ana lys i s  of t h e  s ignals  of Doppler flow meters s t i l l  require  spec ia l  considera- 
t ion .  
r e f l ec t ed  from planets may be used (Ref.15). 

I n  t h i s  case, i n  par t icu lar ,  methods of spec t ra l  analysis  of radar s igna ls  
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